The vertebrate body forms by continuous generation of new tissue from progenitors at the posterior end of 22 the embryo. In mice, these axial progenitors initially reside in the epiblast, from where they form the trunk; 23 and later relocate to the chordo-neural hinge of the tail bud to form the tail. Among them, a small group of 24 bipotent neuromesodermal progenitors (NMPs) are thought to generate the spinal cord and paraxial 25 mesoderm to the end of axis elongation. The study of these progenitors, however, has proven challenging 26 in vivo due to their small numbers and dynamic nature, and the lack of a unique molecular marker to identify 27 them. Here, we report the generation of the Nkx1.2CreER T2 transgenic mouse line in which the endogenous 28
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The vertebrate body forms by continuous generation of new tissue from progenitors at the posterior end of 22 the embryo. In mice, these axial progenitors initially reside in the epiblast, from where they form the trunk; 23 and later relocate to the chordo-neural hinge of the tail bud to form the tail. Among them, a small group of 24 bipotent neuromesodermal progenitors (NMPs) are thought to generate the spinal cord and paraxial 25 mesoderm to the end of axis elongation. The study of these progenitors, however, has proven challenging 26 in vivo due to their small numbers and dynamic nature, and the lack of a unique molecular marker to identify 27 them. Here, we report the generation of the Nkx1.2CreER T2 transgenic mouse line in which the endogenous 28
Nkx1.2 promoter drives tamoxifen-inducible CreER T2 recombinase. We show that Nkx1.2CreER T2 targets 29 axial progenitors, including NMPs and early neural and mesodermal progenitors. Using a YFP reporter, we 30 demonstrate that Nkx1.2-expressing epiblast cells contribute to all three germ layers, mostly neuroectoderm 31 and mesoderm excluding notochord; and continue contributing neural and paraxial mesoderm tissues from 32 the tail bud. This study identifies the Nkx1.2-expressing cell population as the source of most trunk and tail 33
Introduction 37 The vertebrate body forms progressively in a head-to-tail direction from progenitors located at the posterior 38 end of the embryo (reviewed in (Kimelman, 2016; Neijts et al., 2013; Wilson et al., 2009) ). In mice, these 39 progenitors initially reside in the epiblast, from where they generate most of the organs of the trunk; and 40 later relocate to the tail bud, from where they generate the tail. The process is thought to be partly fuelled 41 by a small pool of bipotential progenitors with self-renewing capability, the so-called neuromesodermal 42 progenitors (NMPs) Wilson, 2002, 2007; Tsakiridis and Wilson, 2015; Tzouanacou et al., 43 2009 ). NMPs give rise to the neural and mesodermal progenitors that form the spinal cord and paraxial 44 mesoderm derivatives (e.g. bones, cartilage, muscle, dermis) of the trunk and tail (reviewed in (Henrique 45 et al., 2015; Steventon and Martinez Arias, 2017) ). Lineage tracing studies of small groups of cells in 46 mouse embryos at embryonic day (E) 8.5 have shown that both the neural and paraxial mesoderm tissues 47 of the trunk originate from the epiblast between the node and the anterior primitive streak (the node-streak 48 border or NSB) and the caudal lateral epiblast (CLE) (Cambray and Wilson, 2007; Wymeersch et al., 49 2016) . During the transition from trunk to tail development, this neuro-mesodermal (NM) potential relocates 50 to the chordo-neural hinge (CNH) -the region of the tail bud where the neural tube overlays the posterior 51 end of the notochord (Cambray and Wilson, 2002; McGrew et al., 2008; Wilson and Beddington, 1996) . 52
These findings suggest that NMPs first reside within the NSB and CLE and during the transition from trunk 53 to tail development relocate to the CNH. 54
Molecularly, NMPs have been defined by co-expression of the stem cell and neural transcription 55 factor Sox2 and the mesodermal transcription factor T (Brachyury) (Garriock et al., 2015; Tsakiridis et al., 56 2014; Wymeersch et al., 2016) . However, even though cells that co-express Sox2 and T coincide with NM-57 fated regions, co-expression of Sox2 and T is not a feature unique to NMPs (Wymeersch et al., 2016) . 58
Recently, two studies revealed a more complete molecular signature of NMPs and their immediate 59 descendants, early neural and mesodermal progenitors, using single-cell RNA-sequencing technologies 60 (Gouti et al., 2017; Koch et al., 2017) . Perhaps not surprisingly, both studies showed that the CLE cell 61 population (Gouti et al., 2017) and cells co-expressing Sox2 and T at E8.5 (Koch et al., 2017) Here, we present the first detailed description of the expression pattern of Nkx1.2 in the mouse 78 embryo and show that it largely overlaps with the posterior growth zone and regions thought to harbour 79 NMPs and early neural and mesodermal progenitors. We describe the generation and characterisation of 80 the Nkx1.2CreER T2 transgenic mouse line in which tamoxifen-inducible CreER T2 recombinase is driven 81 under the control of the endogenous Nkx1.2 promoter. We then demonstrate that this line can be used to 82 manipulate gene expression specifically in cells expressing Nkx1.2 in a temporally-controlled manner. Using 83 a YFP reporter, we trace and define the lineages of the Nkx1.2-expressing cell population at different 84 developmental stages and find that this progenitor population is dynamic, changing as development 85 proceeds to supply most tissues of the trunk and tail in the mouse. 86 87 88
Results

89
Nkx1.2 is expressed in the posterior growth zone throughout body axis elongation 90
To document in detail Nkx1.2 expression in the mouse embryo, we carried out whole-mount RNA in situ 91 hybridization and then localised Nkx1.2 transcripts to specific cell populations in serial transverse sections. 92
As the body develops in a head-to-tail sequence, sections from the posterior end of the embryo represent 93 more undifferentiated structures than more anterior sections. In agreement with a previous report 94 (Schubert et al., 1995) , Nkx1.2 transcripts were first detected around embryonic day (E) 7-7.5 in the NSB 95 as well as in and alongside the primitive streak, in cells of the CLE ( Figure 1A -C). This coincides with the 96 emergence of the node and the time and regions in which NMPs first arise during embryonic development 97 (Wymeersch et al., 2016) . At E8.5, Nkx1.2 expression remained highest in epiblast cells in the node region 98 and CLE just posterior to the node ( Figure 1D , E, Eb, Ec). Nkx1.2 was expressed at lower levels in the 99 primitive streak, in cells that ingress to form mesoderm (Figure 1Ec ). Anterior to the node, Nkx1.2 was also 100 expressed in the neural plate, although at lower levels in the midline/floor plate ( Figure 1D Figure 1F , Fa, Fb). Posteriorly, transcripts remained in epiblast cells around 106 the closing posterior neuropore but were for the first time detected at lower levels in mesenchymal cells 107 ingressing through the last remnants of the primitive streak as the tail bud forms (Figure 1Fc , Fd). In the 108 tail of E10.5 embryos, Nkx1.2 transcripts continued to be detected in most newly formed neural tube 109 ( Figure 1G , Ga-Gc) and were also found in the CNH region ( Figure 1Gb ). Here, Nkx1.2 was expressed in 110 the neural tube and in a mesenchymal cell group continuous with the ventral neural tube, but not in the 111 notochord component of the CNH (Figure 1Gb ). Posteriorly, Nkx1.2 was also expressed in the contiguous 112 dorsal tail bud mesenchyme, albeit at lower levels ( Figure 1Gd ). Intriguingly, the appearance of this novel 113 mesenchymal Nkx1.2 domain coincides with the transition from primitive streak to tail bud-driven growth 114 and formation of neural tissue by secondary neurulation, which involves a mesenchymal-to-epithelial 115 transition (Beck, 2015; Lowery and Sive, 2004; Schoenwolf, 1984) . At E11.5, Nkx1.2 transcripts were still 116 detected in the newly formed neural tube and contiguous tail bud mesenchyme ( Figure 1H ). At all stages, 117 the anterior limit of Nkx1.2 expression was in the neural tube around the level of the last formed somite 118 ( Figure 1D TBX6 could be detected in high-T regions: the primitive streak and primitive streak epiblast as well as in 158 the presomitic mesoderm; but not in the NSB epiblast, CLE or neural plate ( Figure S2 ). Nkx1.2, however, 159 was expressed across these regions albeit at higher levels in the in the NSB epiblast and CLE than in the 160 primitive streak epiblast (Figure 1Ec and 2A). Taken together, these molecular features suggest that the 161 Nkx1.2-expressing cell population at E8.5 includes putative NMPs (SOX2 + T + TBX6 -Nkx1.2 high ) and early 162
Between E9.5 and E10.5 NMPs relocate to the CNH region of the tail bud, but their precise 164 location remains unclear. SOX2 and T co-expression is not unique for NMPs in the CNH region: node-165 derived notochord progenitors and hindgut cells also co-express SOX2 and T, but they are not NMPs 166 ( Figure 2B ). However, combining SOX2 and T with Nkx1.2 expression data in the tissue context we could 167 identify as putative NMPs and/or NMP descendants the cells in the dorsal half of the CNH. These included 168 the neural tube and the mesenchymal cells right below the neural tube ( Figure 2B Assessment of embryos at E8.5 revealed scattered single cells across the presumptive midbrain/anterior 272 hindbrain as the anterior limit of cells derived from Nkx1.2-expressing cells ( Figure 5A , Aa). YFP + cells 273 were found contiguously in the neural tube from the presumptive posterior hindbrain (Figure 5A , Ab) and 274 then, more posteriorly, throughout the CLE and primitive streak ( Figure 5A , Ad-Ag). YFP + cells were also 275 present in derivatives of the primitive streak: the recently ingressed mesoderm and most recently formed 276 presomitic mesoderm, but were absent from the first 4-5 somites (Figure 5Ad A day later, in E9.5 embryos, again a few scattered cells were located in the midbrain and the 307 roof of the anterior hindbrain as well as the developing eye ( Figure 5B ). The anterior limit of contiguous 308 YFP labelling was now clearly located in the hindbrain just anterior to the otic vesicle in rhombomere 5 309 ( Figure 5B ). More posteriorly, YFP + cells were concentrated ventrally, in the floor plate of the spinal cord 310 (Figure 5Ba, Bc) . This finding suggests that the floor plate of the trunk spinal cord originates from cells 311 expressing Nkx1.2, probably the dorsal layer of the node (see Figure 1Eb ), as indirectly suggested by the 312 combined results of earlier cell labelling studies (Beddington, 1994; Sulik et al., 1994) . (Figure 5Bc ). YFP + cells were absent from the first 4-5 somites, but contributed to both 319 medial and lateral compartments of the posterior-most 11 to 12 somites ( Figure 5B, Bb, Bd) . YFP + cells did 320 not contribute to the notochord (Figure 5Ba-c) , although a few isolated YFP + cells were found in the 321 notochord of one embryo. This finding argues against a common source of floor plate and notochord after 322 E7.5 and agrees with grafting and cell labelling experiments that indicated that the ventral node, which 323 does not express Nkx1.2 (see Figure 1Eb ), is the source of trunk notochord (Beddington, 1994; Brennan et 324 al., 2002; Yamanaka et al., 2007) . In all E9.5 embryos examined, YFP + cells were absent from the fore-325 and midgut (Figure 5Ba-Bc) , but frequently found in the hindgut (Figure 5Bd Interestingly, a recent study derived NMP-like cells in a dish that resemble the caudal epiblast of the 333 embryo at the time of emergence of the node (around E7.5, coinciding with the emergence of the Nkx1.2-334 expressing cell population) and found that such in vitro NMP-like cells possess the potential to differentiate 335 not only into neural and paraxial mesoderm cells but also into intermediate and lateral plate mesoderm 336 (Edri et al., 2018) . These findings confirm that such a multipotent progenitor cell population exists in the 337 embryo within the E7.5 epiblast and can be identified by the expression of Nkx1.2. In addition to neural 338 and mesodermal tissues, we found descendants of early Nkx1.2-expressing cells contributing to neural 339 crest, surface ectoderm, and hindgut endoderm. 340
Between E9.5 and E10.5, axial progenitors complete trunk formation and begin forming a tail from 341 the tail bud region. In E10.5 Nkx1.2CreER T2 /YFP embryos exposed to tamoxifen at E7.5, YFP + cells made 342 up most of the neural tube and paraxial mesoderm/somites of the tail (Figure 5C, 5Ca-Cd) . Posteriorly, 343 YFP + cells populated the dorsal half of the CNH (Figure 5Cc ) and the presomitic mesoderm as well as the 344 tail bud mesenchyme contiguous with these regions (Figure 5Cd ). YFP + cells were, however, virtually 345 absent among the cells contiguous with the posterior end of the notochord and the hindgut, in the ventral 346 compartment of the CNH and the ventral tail bud mesenchyme (Figure 5Cd ). YFP + cells were found very 347 rarely in the tail notochord and occasionally in the hindgut (Figure 5C , Ca-c). A few YFP + cells contributed 348 to surface ectoderm and to the ventral ectodermal ridge (VER) (Figure 5Cc ). This long-term lineage tracing 349 experiment indicates that cells that expressed Nkx1.2 at E7.5 and/or their progeny persist in the posterior 350 end of the embryo from where they continue generating the neural and paraxial mesoderm tissues of the 351 tail. 352
353
Late Nkx1.2-expressing cells continue to make neural and mesodermal tissues from the tail bud 354
To test whether the Nkx1.2-expressing cell population in the tail bud retains neural and paraxial mesoderm 355 potential, timed-pregnant Nkx1.2CreER T2 /YFP mice received tamoxifen at E10.5 and embryos were 356 assessed 24 or 48 hours later. In E11.5 embryos, YFP + cells were indeed found in the neural tube and in 357 the paraxial mesoderm as well as in the tail bud mesenchyme ( Figure 6 ). YFP + cells in the neural tube 358 extended from the tail bud to axial levels right below the hindlimb (opposite to somite ~36), where the 359 transition from trunk to tail development and from primary to secondary neurulation takes place (Shum et 360 al., 2010) . YFP + cells in the paraxial mesoderm were found more posteriorly, in newly generated 361 presomitic mesoderm ( Figure 6 ). This different distribution of YFP + cells in the neural tube and paraxial 362 mesoderm likely reflects the broader expression of Nkx1.2 in the neural tube ( Figure 1G ). Nkx1.2-363 expressing cells labelled at E9.5 did not contribute to surface ectoderm or the hindgut ( Figure 4B ) and, as 364 expected, cells labelled at E10.5 did not contribute to these tissues in E11.5 embryos either (Figure 6) . 365
The latter is consistent with lineage tracing of single cells (Lawson et al., 1991; Lawson and Pedersen, 366 1992 ) and of cell groups (Tam and Beddington, 1987; Wilson and Beddington, 1996) and DAPI (1 mg/ml stock solution diluted 1:500) in PBST/10% NDS overnight at 4 ºC. Embryos were then 502 washed extensively for 24 hours and prepared for clearing. For BABB (2:1 benzyl alcohol:benzyl 503 benzoate) clearing, embryos were first dehydrated in an increasing methanol series (25% methanol/PBS, 504 50% methanol/PBS, 75% methanol/PBS, 100% methanol. 5 minutes each), then put in 1:1 (v/v) 505 methanol:BABB for 5 minutes and twice in BABB for clearing. BABB-cleared embryos were mounted in 506 BABB for imaging. For immunofluorescence on cryosections, embryos were cryoprotected in 30% 507 sucrose/PBS overnight at 4 ºC, mounted in agar blocks (1.5% agar/5% sucrose/PBS), and frozen on dry 508 ice. 16 µm-thick sections were cut on a Leica CM1900 cryostat, mounted on adhesion slides, and dried for 509 several hours at room temperature. Slides were then washed three times in PBST and blocked in 510 PBST/10% NDS at room temperature. After at least 1 hour, sections were incubated with primary 511 antibodies in PBST/10% NDS overnight at 4 ºC. After several PBST washes, sections were incubated with 512 secondary antibodies and DAPI in PBST/10% NDS for 2 hours at room temperature or overnight at 4 ºC. 513
After several PBST washes, slides were mounted with SlowFade Gold antifade mountant (Invitrogen, 514 S36936) for imaging. 515
Primary antibodies and working dilutions used were: chicken anti-GFP (Abcam, ab13970; 1:500), 516 goat anti-GFP (Abcam, ab6673; 1:500), rabbit anti-SOX2 (Millipore, AB5603; 1:500), goat anti-SOX2 517 (Immune Systems, GT15098; 1:500), goat anti-Brachyury/T (R&D Systems, AF2085; 1:500), goat anti-518 TBX6 (R&D Systems, AF4744; 1:200). Secondary antibodies used, all at a1:500 working dilution, were: 519 donkey anti-chicken Alexa Fluor 488 (Abcam, ab150173), donkey anti-goat Alexa Fluor 488 (Life 520 Technologies, A11055), donkey anti-rabbit Alexa Fluor 568 (Life Technologies, A10042), donkey anti-goat 521 Alexa Fluor 647 (Life Technologies, A21477). 522
Whole-mount embryos and tissue sections were imaged on a confocal laser scanning microscope 523 Leica TCS SP8 in the Dundee Imaging Facility. Tissue sections were in some cases scored on a Leica DB 524 fluorescence microscope or with a DeltaVision imaging system. 525
526
Methodology 527
The sample size of each experiment is reported in the respective figure legend. In all cases, n reflects the 528 number of embryos analysed per experiment. All experiments were repeated at least twice (so embryos 529 are from at least two independent litters). No statistical methods were used to predetermine sample size. 530
The experiments were not randomised and the investigators were not blinded during to the group 531 allocation or outcome assessment. 
